Legionella pneumophila (L. pneumophila) is a Gram-negative bacterium, which can be found worldwide in aquatic environments. It tends to persist because it is often protected within biofilms or amoebae. L. pneumophila biofilms have a major impact on water systems, making the understanding of the bacterial physiological adaptation in biofilms a fundamental step towards their eradication. In this study, we report for the first time the influence of the biofilm mode of growth on the proteome of L. pneumophila. We compared the protein patterns of microorganisms grown as suspensions, cultured as colonies on agar plates or recovered with biofilms formed on stainless steel coupons.
INTRODUCTION
Legionellosis is a severe and sometimes life-threatening form of pneumonia ( Jarraud et al. ) . This disease is caused by a bacterium of the genus Legionella. Among the members of this group, Legionella pneumophila (L. pneumophila) was first identified in 1977, after a severe pneumonia outbreak in Philadelphia, USA (Brenner et al. ) . Although unknown, it is assumed that the infectious dose of L. pneumophila is low. Indeed, some patients had been infected at up to 10 km from the source of contamination. In these situations, the source of the infection is generally difficult to establish and its spread is highly dependent on the level of bacterial water contamination, the bacterial capacity to disseminate and the strain virulence Prokaryotic biofilms that predominate in a diverse range of ecosystems, in natural as well as in artificial environments, are composed of highly structured multispecies communities (Allison ) . Indeed, biofilms represent 95% of the overall biomass in water distribution systems, while only 5% occurs in the bulk water phase (Wingender & Flemming ) . Biofilm are now being recognised as the preferred status for bacterial development, thus it is necessary to study the maintenance of water systems, which seem to be of fundamental interest in attempts to reduce biofilm formation. The present techniques of prevention include ultraviolet irradiation (Triassi et We have chosen here to investigate L. pneumophila biofilms at the protein level by using two-dimensional gel electrophoresis, which allows direct semi-quantitative comparison of protein patterns across multiple experimental conditions. Thereafter, we used principal component analysis (PCA) and analysis of variance (ANOVA) to interpret spot quantity variations on electropherograms. Moreover, some of the proteins displaying biofilm-specific regulation were highlighted and identified using mass spectrometry. (Edelstein ) .
MATERIALS AND METHODS

Free-cell cultures
One hundred microlitres of pre-culture was suspended in 200 mL of BCYE-α medium, without selective supplement and incubated at 37 W C. The bacterial growth was controlled by monitoring the optical density at 600 nm (OD 600 ), until the stationary phase was reached (OD 600 ¼ 2, generally between 48 and 72 h of growth).
From an initial pre-culture, 100 μL of BCYE medium was added to 50 mL of culture medium to obtain an initial OD 600 of 0.1. This OD was measured over the entire culture period and allowed an estimation of generation time of about 90 min.
Colony growth
Bacteria were streaked onto solid BCYE-α medium with selective supplement GVPC (glycine, vancomycin, polymyxin and cycloheximide; AES laboratory). After 48 h of growth at 37 W C, white colonies were scraped off and sus- 
Scanning electron microscopy
Free-cell culture bacteria were collected after 2 days' incubation and rinsed twice with sterile phosphate buffer. A film of poly-lysine was coated onto a glass slide and 20 μL of the bacterial suspension was deposited. For biofilm imaging, coupons obtained from the CBR reactor were desiccated and directly used for the succeeding step. 
Protein extraction and solubilisation
Culture preparations were centrifuged at 2,000 × g for 10 min, and the bacterial pellet was freeze-dried for 2 h and resuspended in iso-electric focalisation (IEF) buffer (7 M urea, 2 M thiourea, 0.1% amidosulfobetaine (ASB14), 2 mM tributyl phosphine, 0.5% (v/v) carrier ampholytes (pH 3-10; Sigma)). The mixture was incubated twice for 10 min at 37 W C and 10 min at À80 W C successively and subsequently submitted to four cycles of 30 s sonication. Protein extracts were then harvested in the supernatant after elimination of cellular debris by centrifugation (10,000 × g for 15 min). Protein concentrations were evaluated using the Bio-Rad protein assay and protein extracts were stored at À20 W C until further analysis. and gels were stored in water at 4 W C before spot excision.
Two-dimensional gel electrophoresis
For each condition, that is planktonic (P), colonies (C) and biofilm (B), three independent cultures were obtained and the corresponding gels prepared in duplicate, except for biofilms for which the protein extract titration did not reveal a sufficient protein amount to carry out many gels from the same culture. The experiment was repeated in the same conditions in order to reach a significant number of experimental gels.
Image analysis
The gel images were analysed using the SameSpots software V2 (Nonlinear Dynamics). Images were primarily tested for similar dynamic range and absence of saturation and entirely pre-aligned before detection, which resulted in an optimal matching between all gels. The statistical tool integrated into the software combines calculation of p-values 
RESULTS AND DISCUSSION
The deciphering of several L. pneumophila genomic sequences allowed a new era of investigations for this ubi- (Figure 1(a) ).
This polymorphic behaviour has already been reported for 
Biofilm cells
Bacterial shape evolved during biofilm growth. In the colonisation period, a long rod shape is found. As the biofilm matures, the bacterial size is reduced and tends towards a rod-coccoid shape with an increased presence of polymer matrix (Figure 1(b) ). As already described for a wealth of microorganisms, the planktonic mode of growth is very often a transitory situation. In its natural environment, L. pneumophila is either associated with protozoa within which the bacteria replicate (Fields ) 
Biofilm phenotype
For each growth condition, three two-dimensional gels were selected for statistical analysis. The interpretation was led either at the macroscopic level with PCA or at the spot abundance level in order to identify key proteins involved in biofilm formation. 
Spot abundance analysis
The differential analysis of reference gels (containing information for spot average abundance within a particular growth condition) was undertaken on the 827 detected spots (see Figure 2 ). According to our selected thresholds, the level of 46 protein spots statistically varies between planktonic, colony and immobilised organisms, which rep- biofilm status, in agreement with the PCA analysis described above.
The degree of modification observed here for L. pneumophila switching between different lifestyles is relatively low compared with our previous investigation with P. aeruginosa and Escherichia coli (Collet et al. ) . The latter reported 10-25% variation depending on the support used for immobilisation for an equivalent number of spots detected (Vilain et al. b) . However, the high adaptability in widely diverse contexts of P. aeruginosa, with its potential of more than 5,500 gene products and more than 50 transcriptional factors, could explain such discrepancy.
However, a direct parallel is difficult to draw because the filtering used in this study for significant differential expression results from a combined statistical analysis (p-value, power and q-value). This asserts the validity of the observed regulation but also diminishes in a drastic fashion the number of validated differentially expressed spots.
Protein regulation within biofilms
Among the 46 spots whose abundance was modified according to the mode of growth, 26 were identified by MS/MS and the identification of 17 of them, regulated according to the biofilm status, is presented in Figure 3 (b) (see also supplementary material for details of identification, available online at http://www.iwaponline.com/jwh/012/103.pdf). Accordingly, their differential expression is presented in films (GlyA, AtoB). It is interesting to note that these two proteins were also down regulated in other model biofilms:
GlyA in Pseudomonas putida (Sauer & Camper ) and
AtoB in P. aeruginosa (Vilain et al. b) .
Decrease of virulence factors
For most of the proteins that display a decrease of abundance Cotter & Stibitz ). The c-di-GMP signal was shown to be mediated by GGDEF and EAL domain proteins, which participate in the synthesis and degradation of this small molecule to coordinate the phenotypic response. However, the mechanisms underlying this switch between lifestyles is not clearly understood in many model microorganisms and has not been described in L. pneumophila though many GGDEF and EAL domain proteins are detected in its genomic sequence. Lpg1809 is also specific to L. pneumophila. The analysis of its primary sequence allows prediction of the presence of a signal peptide and suggests outer membrane localisation. All of these proteins constitute potential candidates that may play a crucial role for L. pneumophila biofilm development.
Enhancement of response to oxidative stress
CONCLUSION
To conclude, this study describes for the first time the proteomic modifications accompanying surface-associated growth for L. pneumophila. We showed that the biosynthesis of virulence effectors was decreased and that factors contributing to oxidative protection were accumulated within biofilms. In addition to those known functional levels, hypothetical proteins unique to the Legionella genus were also accumulated (namely Lpg0563, Lpg1111
and Lpg1809). We suggest that these molecular actors, as yet functionally uncharacterised, will prove privileged targets for future molecular biology work and biofilm phenotypic investigations. The immobilised status of L.
pneumophila involves the biofilm lifestyle, but also may be associated with intracellular survival within amoebae. We plan to investigate in the near future, the effect of the intra-amoebal growth and the synergistic behaviour in multiple-species biofilms.
